Coronary artery disease (CAD) presents an ever-growing burden on health systems especially in the Western world. While percutaneous coronary intervention (PCI) is feasible in increasingly complex CAD, certain patient groups possess a high risk for major cardiac adverse events (MACE) during PCI. Poor outcome is associated with significantly depressed left ventricular function, complexity of relevant lesions, and increasing incidence of pre-existing cerebrovascular comorbidities and poor pre-interventional status. However, these risk factors also translate into a high peri-operative risk for coronary artery bypass graft (CABG) rendering some of these patients inoperable. Peripheral ventricular assist devices (pVADs) are temporarily inserted axial or centrifugal pumps that support ventricular output during PCI. The Impella® micro-axial device (Abiomed, Danvers, Massachusetts, USA) is an easily implantable pVAD that may improve patient outcome during PCI in high-risk patients (termed "protected PCI") and in patients with cardiogenic shock (CS). pVADs in general and the Impella® system in particular play important roles in interventional cardiology and its indications and use will likely expand in the future. This chapter outlines in detail the indications, applications, and future trends concerning the Impella® system. Practical advice is given on the correct implantation of the device.
Introduction
The Impella® system consists of a miniaturized micro-axial pump of varying size reaching from 11 French (F) to 21 F in diameter mounted on a 9 F catheter (Figure 1) . The propeller contained in the pump revolves at up to 50,000 rounds per minute (rpm) and draws blood into the inlet area to expel it through the outlet area of the device. The micro-axial pump itself is connected through the catheter to an automated Impella® controller (AIC) that steers the pumps output as well as the required purge fluid flow and integrates information on the pumps position (Figure 2) . The Impella® catheter is inserted either through the femoral or axillary artery by surgical cut down or percutaneously using a modified Seldinger technique. Being forwarded into the left ventricle under fluoroscopic guidance, the Impella® is positioned to expel blood bypassing the aortic valve. Figure 1 . An Impella® 2.5 micro-axial peripheral ventricular assist device consisting of a blood inlet and an outlet area as well as the 12 Fr pump motor mounted on a 9 Fr catheter (Image courtesy of Abiomed, Danvers, Massachusetts, USA).
The Impella® platform consists of multiple devices featuring maximal output of up to 5.0 l/min and may be selected according to the required hemodynamic support. While the Impella® 2.5 (2.5 l/min of transvalvular flow) is designed to deliver support in patients mainly undergoing protected percutaneous coronary intervention (PCI), the 3.5 CP (cardiac power, 3.5 l/min of transvalvular blood flow) and 5.0 LP/LD (LP: left peripheral and LD: left direct, 5.0 l/min of transvalvular blood flow) are designed for patients in cardiogenic shock (CS). The Impella® 5.0 LD is the only device that is inserted through an open cardiac procedure into the aorta while the Impella® 5.0 LP is inserted by surgical cut down of the femoral or axillary artery. A 3.5 l/min Impella® RP (right percutaneous) is implanted through a transvenous femoral approach into the right ventricle to support patients with right ventricular failure (RVF). The Impella® RP transports blood from an inlet in the inferior vena cava (IVC) to an outlet in the pulmonary artery bypassing the right atrium and ventricle and is currently the only device available for percutaneous hemodynamic support of the right heart. Both left and right ventricular pumps may be implanted simultaneously for support during biventricular cardiac failure [1] . 
Hemodynamic effects of Impella® support
Impella® hemodynamic support exhibits effects on intracardiac volumes and pressures as well as on systemic circulation, leading to augmentation of blood flow independent from heart rhythm. However, blood flow is dependent on after and preload.
During systole, the pressure gradient between aorta and LV is at its lowest, accounting for the highest pump flow and motor current. Vice versa, the increased pressure gradient during diastole between LV and aorta leads to diminished motor current and transvalvular blood flow. These periodic changes result in a sinus-like curve of motor current and blood flow on the AIC. This information is integrated and used by the AIC to control the pumps position. Accordingly, decreased preload may therefore result in reduced Impella® output.
Hemodynamic changes in patients on Impella® support are most profound in patients with CS. In CS, a decreased cardiac index leads to volume overload of the left ventricle resulting in a dilating left ventricular chamber accompanied by increased left ventricular end-diastolic pressure (LVEDP). Concomitantly, increased wall tension of the LV causes increased myocardial oxygen consumption. The increased LVEDP may also result in heart failure with lung edema, further decreasing overall oxygen supply. The positive effects of LV unloading by Impella® support are best explained using pressure-volume (PV) loops. Impella® support leads to a left shift of the PV loop resulting in a reduction of LVEDP and a reduction of area under the PV loop curve. This resembles reduced cardiac work, overall consistent with decreased cardiac oxygen consumption.
In a study by Schiller et al., cardiac index improved from 2.1 l/min/m2 to 3.8 l/min/m 2 [2] . Additionally, mixed venous saturation increased from 56 to 68% and diuresis increased from 69 ml/h at device insertion to 105 ml/h on support indicating improved systemic perfusion. Central venous pressure, lactate levels, and inotropic support, all consequently decreased.
Apart from patients in CS, a case study by Arain and O'Meallie demonstrated an increase
in coronary artery circulation on Impella® support in a patient undergoing protected PCI. Fractional-flow reserve (FFR) and coronary flow reserve (CFR) were measured in a hemodynamically significant stenotic left anterior descending (LAD) coronary artery using a pressure wire. While FFR remained the same comparing on-and off Impella® support time points, CFR significantly increased. This demonstrates beneficial effects of Impella® support on coronary perfusion during protected PCI.
Implantation of an Impella® device
In general, the implantation of an Impella® device is comparatively easy procedure that is performed in a cath lab. However, pitfalls and limitations should be well known and implantation should be performed by an experienced team, including an interventional cardiologist, cath lab assistance, and a nurse.
Several contraindications that include vascular pathologies reaching from the femoral artery up to the aortic valve as well as aortic valve pathologies must be observed prior to implantation. These include, but are not limited to, severe peripheral artery vessel disease (pAVD) that may increase the likelihood of vascular access complications or may render the implantation of a large sheet and thereof the Impella® impossible, as well as aortic aneurism both abdominal and thoracic. Aortic insufficiency (moderate to severe degree), severe aortic stenosis, pathologies that increase the likelihood of thromboembolic events (valve endocarditis, LV thrombus) or a mechanical aortic valve may present further contraindications. Due to the administration of aPTT-relevant doses of unfractionated heparins in the purge fluid, bleeding risk may be increased. In patients with contraindications to unfractionated heparins, such as heparin-induced thrombocytopenia (HIT), using an alternative anticoagulant through a systemic line is at the discretion of the treating physician. Furthermore, pathologies that decrease right ventricular function may concomitantly decrease left ventricular preload, leading to insufficient Impella® output.
Prior to implantation of the Impella device, we therefore recommend duplex-angiography of the respective arterial vessel considered for vascular access to: (I) measure vessel diameter and (II) exclude relevant pAVD and heavy calcifications. If bedside duplex-angiography is not available, and in case of a femoral approach, vascular access at the contralateral femoral artery and placement of a 6 F sheet may be performed. The status of the ipsilateral femoral artery may be determined via angiography through a 5 F pigtail catheter placed just above the origin of the two iliac arteries. This technique may also help to determine the location of the common femoral artery (CFA) and the best spot for needle introduction. The contralateral sheath may be left in place and later be used for introducing guide catheters and wires for coronary interventions. To exclude relevant pathologies of the aortic valve and to exclude the presence of intraventricular thrombi, echocardiography is recommended to determine whether Impella® support is feasible.
The respective Impella® device is assembled according to the manufacturers' instructions and following the steps laid out on the AIC by the cath lab assistance. For the Impella® 2.5 and CP, the CFA is punctured and a sheath is inserted after dilatation using the provided set. Before insertion of the sheath, we recommend using a pre-close technique to facilitate sheath removal. This technique requires the insertion of two Perclose Proglide® devices prior to placing the sheaths. A needle is used to puncture the CFA and a wire is introduced into the vessel. Two 6 F Perclose Proglide® devices are then introduced. The first device is placed at a 30-45° angle and before complete removal of the first carrier device, the 0.035-inch guide wire is reinserted into the CFA. A second Perclose Proglide® device is then introduced at a 90° angle in relation to the first device and introduced. Following the end of the procedure, the sutures are cinched down after catheter removal to close the arteriotomy. This technique is only feasible in patients undergoing protected PCI, as long indwelling times render the vascular closure set unsterile.
A pigtail catheter is now advanced into the LV, followed by a 0.018-inch wire and the pigtail catheter is removed again over the wire. Under fluoroscopic guidance, the Impella® is now advanced over the wire so that the outlet area rests above the aortic valve (Figure 3) . After removal of the guide wire, correct position should once again be confirmed using the AIC and fluoroscopy before starting the procedure. During each transfer of the patient, care should be taken to avoid Impella® movement and correct position of the Impella® should be confirmed after the transfer using bedside echocardiography.
Adverse events
Potential adverse events following Impella® implantation or hemodynamic support with Impella® include hemolysis, functional mitral stenosis, pump displacement, malfunction and vascular site complications including bleeding and limb ischemia. Furthermore, thromboembolic events including stroke and myocardial infarction as well as acute kidney dysfunction or failure might occur. Overall incidence rate is low, seems to differ according to the indication for hemodynamic support, and is also most likely related to the duration of Impella® support. Highest rates for adverse events may accordingly be found in patients undergoing Impella® support for CS.
In 120 patients with AMI complicated by CS, The EUROSHOCK trial found major bleeding at the vascular access site in 28.6%, hemolysis in 7.5%, and pericardial tamponade in 1.7% [3] . In another study including 40 patients with end-stage heart failure and implantation of an Impella® 5.0 as bridge to transplant or bridge to left ventricular assist device (LVAD), bleeding requiring transfusion occurred in 28.0%, hemolysis in 8.0%, device malfunction in 10.0%, and limb ischemia in 3.0% [4] . Highest rates of adverse events were generally found for major bleeding at the access site and hemolysis, two complications that may usually be managed successfully while patients may remain on Impella® support.
In patients undergoing protected PCI, the frequency of adverse events is usually lower. The PROTECT trial, designed to examine the efficacy and safety of Impella® 2.5 in protected PCI, found mild, transient hemolysis in 10.0% of patients with no other major adverse events [5] . In a further study including 19 patients undergoing protected PCI, no complications occurred [6] . Recent case reports have reported mitral valve damage possibly caused by Impella support [7] . Whether this finding warrants specific precautions needs to be further evaluated. We recommend screening for signs and symptoms of acute mitral insufficiency under Impella® support and further echocardiographic examinations on a regular basis.
Davis et al. reported a case in which a patient in CS developed acquired von-Willebrand syndrome (AVWS) under Impella 5.0 support [8] . AVWS develops in situations in which high shear stress leads to excessive proteolysis of von Willebrand factor (VWF) and loss of high molecular weight multimers, in this situation attributed to high-level Impella support. The patient suffered major bleeding under surgery for long-term LVAD and required massive substitution of blood and coagulation products. Larger trials are warranted to further evaluate alterations of VWF and the incidence of AVWS under Impella support.
Indications

Protected PCI
Poor outcome in patients undergoing PCI is associated with depressed left ventricular function, higher complexity of lesions, multi-vessels disease, and poor pre-interventional status [9] . In these patients, even limited episodes of myocardial ischemia caused by intracoronary application of contrast medium, inflation of balloons, implantation of stents, or more sophisticated maneuvers like rotablation may provoke hypotension resulting in a vicious cycle of impaired coronary perfusion, malignant cardiac arrhythmias, and cardiac arrest. The preinterventional implantation of an Impella® device, referred to as protected PCI, may provide hemodynamic support in case of hemodynamic compromise and augment intracoronary blood flow.
The PROTECT I trial (A Prospective Feasibility trial Investigating the Use of the IMPELLA RECOVER LP 2.5 System in Patients Undergoing High Risk PCI) was the first trial designed to evaluate the safety and feasibility of the Impella® 2.5 system in patients undergoing protected PCI [5] . Including 20 patients in a prospective, multi-center fashion, this study demonstrated that the Impella® 2.5 is safe and easy to implant with only two patients showing signs of mild hemolysis. All patients included had a poor left ventricular function and underwent PCI of an unprotected left main coronary artery or last patent coronary conduit. None of the patients developed hemodynamic compromise during PCI.
The PROTECT II trial represents the second landmark study for protected PCI via Impella® 2.5, comparing the Impella® device with intra-aortic balloon pump (IABP) in a randomized, controlled design [10] . Although the study was terminated early on grounds of futility (the study was underpowered for the primary endpoint of superiority of Impella® 2.5 compared to IABP in terms of MACCE), trends for improved outcomes were observed for Impella® 2.5-supported patients at 90 days.
Besides the mentioned trials, multiple individual experiences with the device and protected PCI, case studies, and case reports have been published [6, [11] [12] [13] [14] [15] [16] . In general, the concept has been described as safe and feasible, resulting in hemodynamic improvement. Data from the USpella registry have further demonstrated the feasibility of protected PCI through Impella® 2.5 in a real-world setting [17] .
Cardiogenic shock
Mortality of patients suffering from acute myocardial infarction (AMI) complicated by CS remains high. Given the potential benefits of pVADs in this specific scenario, short-term circulatory support seems to be a promising therapeutic option. Hypoperfusion caused by cardiogenic shock triggers the so called "shock spiral" by systemic hypoxemia leading to dismal systemic regulatory efforts. The implantation of a pVAD may halt this downward spiral by increasing cardiac output, decreasing LVEDP by unloading of the left ventricle, and therefore reducing oxygen consumption of the myocardium. As appealing as this approach may sound, there is currently no randomized, controlled trial available that may prove the benefit of pVADs in this scenario. The IMPRESS (IMPella versus IABP REduces mortality in STEMI patients treated with primary PCI IN SEVERE and deep cardiogenic SHOCK) trial, a recent controlled, randomized, multi-center study by Ouweneel et al. has found no difference in short-term and 6-month mortality in patients undergoing pVAD support through the Impella® CP in cardiogenic shock compared to Intra-aortic balloon pump (IABP) [18] . Furthermore, a recent meta-analysis from the same authors evaluating the three available randomized trials of Impella® usage in CS patients and comparing it to IABP also revealed no survival benefit at 30 days and 6 months [19] .
Interestingly, there seems to be differences in survival in-between men and women. Data from the cVAD registry (catheter-based ventricular assist device registry), a database retrospectively enrolling patients that underwent pVAD support with Impella®, showed that early initiation of hemodynamic support in patients with AMI complicated by CS was associated with a greater survival benefit in women compared to men [20] . These data are encouraging, as women usually suffer higher unadjusted mortality rates and experience the use of guideline-recommended therapies to a lesser extent.
Although the concept of pVADs in CS seems convincing and there is ample data showing improved hemodynamic parameters, there is still no evidence from RCTs that pVADs improve survival in these patients. One issue is certainly identifying patients that might profit from pVAD implantation and selecting the appropriate pVAD. Future trials should therefore focus on identifying the "right" patient and the "right" time for Impella® implantation in CS.
Right ventricular failure
The Impella® RP received FDA approval in 2015 upon completion of the RECOVER RIGHT (The Use of Impella RP Support System in Patients with Right Heart Failure: A Clinical and Probable Benefit Study) trial, resembling the first percutaneous right ventricular assist device [21] . This prospective, multi-center, single-arm study included 32 patients from 15 institutions in the USA. Of these patients, 18 were included with right ventricular failure (RVF) after left ventricular assist device (LVAD) implantation and 12 patients presented with RVF after cardiotomy or myocardial infarction. All patients included exhibited life-threatening RVF with three vasopressors/inotrops installed and a mean cardiac index of 1.8 l/min/m 2 .
Cardiac index increased to 3.3 l/min/m 2 and central venous pressure decreased from 19.2 to 12.6 mmHg under Impella® RP support. In total, 73.3% of patients survived more than 30 days after an average hemodynamic support of only 3.0 days. RECOVER RIGHT was not designed to compare Impella® RP to standard medical treatment; however, the safety and hemodynamic efficacy of the device were shown. The device is approved for a period of 14 days, warranting more durable solutions in patients that do not recover.
Besides above-mentioned causes of RVF included in the RECOVER RIGHT study, further indications for temporary right ventricular support seem appealing. Hansen et al. presented a case of a patient with sepsis induced RVF on grounds of pulmonary hypertension that initially recovered after Impella® RP implantation [22] . Again, markedly improved hemodynamic parameters were reported after initiation of hemodynamic support.
The Impella® RP therefore may serve as a valuable therapeutic option in patients presenting with life-threatening RVF of a variety of causes and under already applied standard of care. Again, patient selection plays a crucial role for the success of the treatment.
Impella® as a bridge to decision or bridge to next therapy
A growing number of patients with a severely reduced LV require temporary mechanical support to bridge time to multidisciplinary assessment of best therapeutic strategy or bridge to next therapy. Lima et al. reported their single-center experience with Impella® 5.0 for either bridge to heart transplant or bridge to durable left ventricular assist device in 40 patients [4] . The primary endpoint survival to next therapy was reached in 75.0% of patients. Compared to the predominant bridging strategy employing Extracorporeal membrane oxygenation (ECMO), this reveals a significantly higher likelihood of survival. Furthermore, critical complications are significantly lower in patients undergoing Impella® support compared to ECMO. In summary, Impella® may serve as a valuable therapeutic alternative in patients being bridged to next therapy overcoming some of ECMOs limitations.
Future trends
A multitude of case reports has reported potential indications for Impella. For example, Deshpande et al. reported a case of acute embolic myocardial infarction and heart failure in a Fontan patient resolved by Impella support followed by successful transplantation [23] . These descriptions on a case-by-case basis highlight promising future indications for the Impella system. However, clinical data in terms of randomized and controlled trials are missing for all of the mentioned indications. Table 1 further reported the indications for Impella® support.
Combination of ECMO and Impella
Multiple authors have introduced the concept of multi-device approaches in patients with cardiogenic shock [24, 25] . By using different pVADs either simultaneously or in a sequential order, negative effects of one individual device may be balanced by the use of another system.
This concept seems especially efficient for the simultaneous implantation of VA-ECMO and Impella. Pappalardo et al. compared in a recent study 21 patients undergoing VA-ECMO and Impella with 42 propensity-matched patients undergoing VA-ECMO alone for cardiogenic shock [24] . Hospital mortality was significantly lower in patients implanted with both devices (47.0 vs. 80.0%, P < 0.001).
The implantation of an Impella® device may address one of the important pitfalls of VA-ECMO, hence explaining the reported improved outcomes. VA-ECMO leads to an increased afterload due to retrograde blood flow impairing unloading of the left ventricle and increasing LVEDP. Overcoming these dismal effects and supporting unloading of the left ventricle by Impella® may therefore prove a valuable concept in the future.
Summary
The Impella® platform resembles a pVAD system that augments the repertoire of modern interventional cardiology. The landmark PROTECT II study presented evidence that in patients undergoing protected PCI, hemodynamic support with Impella 2.5 leads to improved outcomes at 3 months when compared to IABP. With the Impella® being easy Miller et al. [34] Hemodynamic support during VT ablation 2013 Table 1 . Emerging indications for Impella® support.
Interventional Cardiology and safe to implant and its overall low rate of adverse events, the system provides interventional cardiologists with a tool for patients at high risk for adverse events during complex PCI procedures.
Adding more powerful (up to 5.0 l/min) and right cardiac support devices to the platform, the range of indications have expanded to cardiogenic shock, right ventricular failure, and a multitude of conditions that result in impaired left ventricular output. Although the principal physiological benefits of left ventricular support of unloading of the left ventricle with Impella® have been examined extensively, there are currently no randomized, controlled trials demonstrating improved survival of patients supported with Impella® in cardiogenic shock. A promising new strategy is combining ECMO with Impella. Further studies should 
